Gradients of the plant hormone auxin, which depend on its active intercellular transport, are crucial for the maintenance of root meristematic activity. This directional transport is largely orchestrated by a complex interaction of specific influx and efflux carriers that mediate the auxin flow into and out of cells, respectively. Besides these transport proteins, plant-specific polyphenolic compounds known as flavonols have been shown to act as endogenous regulators of auxin transport. However, only limited information is available on how flavonol synthesis is developmentally regulated. Using reduction-of-function and overexpression approaches in parallel, we demonstrate that the WRKY23 transcription factor is needed for proper root growth and development by stimulating the local biosynthesis of flavonols. The expression of WRKY23 itself is controlled by auxin through the AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19 transcriptional response pathway. Our results suggest a model in which WRKY23 is part of a transcriptional feedback loop of auxin on its own transport through local regulation of flavonol biosynthesis.
Gradients of the plant hormone auxin, which depend on its active intercellular transport, are crucial for the maintenance of root meristematic activity. This directional transport is largely orchestrated by a complex interaction of specific influx and efflux carriers that mediate the auxin flow into and out of cells, respectively. Besides these transport proteins, plant-specific polyphenolic compounds known as flavonols have been shown to act as endogenous regulators of auxin transport. However, only limited information is available on how flavonol synthesis is developmentally regulated. Using reduction-of-function and overexpression approaches in parallel, we demonstrate that the WRKY23 transcription factor is needed for proper root growth and development by stimulating the local biosynthesis of flavonols. The expression of WRKY23 itself is controlled by auxin through the AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19 transcriptional response pathway. Our results suggest a model in which WRKY23 is part of a transcriptional feedback loop of auxin on its own transport through local regulation of flavonol biosynthesis.
flavonoid | lateral root | WRKY P lant growth and development are characterized by recurrent organogenesis and continuous adaptation to environmental conditions. These intriguing features rely on the ability to establish and maintain meristematic activity. Both de novo induction and maintenance of root meristematic activity are governed by gradients of the plant hormone auxin (1) (2) (3) . Although several plant tissues are able to synthesize auxin (4, 5) , installation and maintenance of auxin maxima are mediated mainly by polar auxin transport (6) . Besides the well-known auxin import (AUXIN RESISTANT 1/LIKE AUX1) and export (PIN-FORMED [PIN] and ABCB/P-GLYCOPROTEIN/MDR) proteins (7) (8) (9) (10) , additional regulators mediate the flow of auxin throughout the plant. For example, flavonols (plant-specific polyphenolic compounds), have been proposed to act as endogenous auxin transport regulators based on their competition with the synthetic auxin transport inhibitor 1-N-naphthylphthalamic acid (11) . Although the molecular targets of flavonol regulation remain unknown, genetic and pharmacologic evidence clearly demonstrate a role for these secondary metabolites as negative regulators of auxin transport (12) (13) (14) (15) (16) (17) (18) . Flavonol biosynthesis was recently shown to be induced by auxin through a TRANSPORT INHIBITOR RESPONSE 1 (TIR1) auxin receptor-dependent pathway (16) . However, our understanding of how flavonol biosynthesis is fine-tuned during development and in response to internal and environmental signals is still limited. Here, we report on the functional characterization of a member of the WRKY family, a large, plant-specific class of transcription factors that has been associated with responses to pathogen attack, mechanical stress, and senescence (19) . Our results suggest that proper expression of WRKY23 is essential for normal root development, and that misexpression of WRKY23 causes defects in meristem organization by interfering with auxin distribution. Genetic, transcriptomic, and biochemical data suggest that WRKY23 executes its function by stimulating the biosynthesis of flavonols. WRKY23 has been identified as an auxin-inducible gene involved in plant-parasitic nematode interactions (20) . The same gene also emerged from microarray experiments as a potential key component of transcriptional networks during root meristem formation (21) (22) (23) , impelling a thorough investigation of its role in a developmental context.
None of the publicly available T-DNA insertion lines shows obvious phenotypical differences from WT seedlings, probably because of a lack of WRKY23 transcript reductions (20) . To overcome this limitation for functional analyses, we performed reduction-ofexpression (RNAi) and overexpression analyses in parallel. Independent WRKY23::WRKY23
RNAi lines, which displayed 80% reduction in WRKY23 transcript levels (Fig. S1A ), showed variable phenotypes, which we divided into three classes: seedlings with no obvious defects (class I; 70.8% of the progeny), seedlings with a shorter and/or agravitropic root (class II; 21.5% of the progeny), and seedlings with a severely impaired development (class III; 7.7% of the progeny) ( Fig. 1 A-C) . Closer inspection of the class II seedlings revealed a 50% reduction in lateral root density (Fig. S1B ) and defects in root tip organization ( Fig. 1 D-F and Fig. S1 D-F) . The root stem cell niche was less organized and contained too many cells, especially in the lateral root cap. As a result, the WRKY23:: WRKY23
RNAi root tips had a swollen appearance (Fig. S1E ). To ensure that these developmental defects were solely due to a reduced WRKY23 transcript abundance, we first tested the expression of several close homologs of WRKY23 in WRKY23::WRKY23 RNAi seedlings using quantitative (q)RT-PCR. This revealed that none of the tested WRKY23 homologs were significantly differentially expressed (Fig. S1A) . Next, to confirm the reduction-of-expression phenotypes of the WRKY23::WRKY23
RNAi lines, we used the SRDX repressor domain, a short 12-amino acid motif that converts transcription factors into dominant repressors (24) . However, this implies that the transcription factor acts as an activator. To investigate this, we made use of a transient expression assay in tobacco To whom correspondence may be addressed. E-mail: wigru@psb.ugent.be, tobee@psb. ugent.be, or mamon@psb.ugent.be. cells (25) . Both C-terminal and N-terminal WRKY23-GAL4 fusions were able to activate a UAS::LUCIFERASE construct (Fig. S1C) , demonstrating that WRKY23 acts as a transcriptional activator. Subsequently, transgenic plants were generated in which a WRKY23-SRDX translational fusion was driven by the broadly expressed 35S promoter (26) . The 35S::WRKY23-SRDX seedlings had fewer lateral roots, and their primary roots were agravitropic and exhibited a reduced growth rate (Fig. S1H ). Similar to WRKY23::WRKY23 RNAi , 35S::WRKY23-SRDX root tips were enlarged and showed defects in cellular patterning ( Fig. 1G and Fig. S1G ). Thus, two independent approaches show that WRKY23 is required for the organization of the primary root tip, lateral root development, and root gravitropic responses.
To examine the effect of ectopic expression of WRKY23 on root development, we selected several lines with high WRKY23 transcript levels in which WRKY23 was driven by the global 35S promoter (35S::WRKY23) or by the RPS5A promoter, which is more restricted to sites of active cell division (27) . The root length of all 35S::WRKY23 and RPS5A>>WRKY23 seedlings was reduced compared with WT ( Fig. 1H and Fig. S1R ). This phenotype is correlated with reduced cell division in the meristem, as shown by the B-type cyclin CycB1;1::GUS marker (Fig. S1 N and O) . Moreover, in contrast to the regular and well-organized cellular pattern in WT root tips ( Fig. 1 D and E) , alterations in columella cell shape were observed in the 35S::WRKY23 and RPS5A>>WRKY23 root tips ( (28) , in cells at the position of the columella initial cells ( Fig. 1 K and L) . The absence of these defects at younger stages hints at an initially correct specification of the quiescent center (QC) cells (marked by QC184) (Fig. S1 K-M), but argues for the necessity of a balanced WRKY23 expression level to maintain root stem cell and meristem activity postembryonically.
Taken together, our results demonstrate that an altered WRKY23 expression level impairs the maintenance of stem cell identity in the primary root meristem, and that WT-levels of WRKY23 expression are required for proper root growth and development.
WRKY23 Is Not a Cell-Autonomously Acting Differentiation Factor.
Root growth and meristematic activity largely depend on the correct functioning of both cell-autonomous (29-31) and non-cell-autonomous mechanisms (1, 3) . Because WRKY23 is clearly involved in the maintenance of the root stem cell niche, we investigated whether the loss of stem cells in WRKY23-overexpressing roots was provoked by a local misregulation of WRKY23 expression or through a more distantly WRKY23-derived signal. Therefore WRKY23 was expressed in a cell type-specific context with the GAL4VP16-UAS transactivation system. The J2341 and Q0680 activator lines were used to drive expression in the columella initial cells and in the youngest columella layer, respectively ( (Fig. S2A ). This is in contrast to seedlings expressing WRKY23 under the control of the 35S promoter (Fig. S1O ) or the RPS5A promoter (Fig. S2B) . The difference between global misregulation of WRKY23 levels and misregulation of WRKY23 levels within the columella initials suggests that WRKY23 is not a cell-autonomously acting differentiation factor.
WRKY23 Focuses Auxin Response Maxima During Organogenesis and
Meristem Maintenance. To examine the effect of WRKY23 misregulation on auxin maxima, which are known to drive meristem organization, we investigated the auxin response maximum in roots of WRKY23 reduction-of-expression and overexpression lines using the DR5::GUS reporter (32). In WT primary root tips, the auxin maximum was confined to the QC and the central columella cells (Fig. 2A) . However, in WRKY23::WRKY23
RNAi and WRKY23-SRDX root tips, the DR5 expression domain was expanded radially (Fig. 2 B and C) . The same broadening of the auxin response maximum was observed during lateral root initiation (Fig. 2 D and  E) . Prior to lateral root initiation, auxin accumulates in two neighboring pericycle founder cells that subsequently divide asymmetrically (2), after which intense DR5::GUS expression can be observed in the small daughter cells (Fig. 2D) (33) . However, in WRKY23-SRDX plants, DR5 expression was less confined to the founder cells and was even expanded to the cortex layer (Fig. 2E) . Conversely, overexpression of WRKY23 resulted in a narrowing of the DR5-visualized auxin response domain in the primary root (Fig.  2 F and G) .
To investigate whether WRKY23 might be involved in the regulation of auxin transport, we performed quantitative measurements of auxin transport. These analyses revealed that the acropetal auxin transport (toward the root tip) in WRKY23:: WRKY23
RNAi seedlings was higher than that in WT seedlings (Fig.  2H) . Because the primary roots of the 35S and RPS5A-driven overexpression lines were too short to analyze, we constructed an inducible 35S::WRKY23-GR line that phenocopied both overexpression lines on dexamethasone (Dex) treatment (Fig. S3 A-C) . Auxin transport measurements on Dex-treated 35S::WRKY23-GR seedlings revealed that ectopic WRKY23 expression negatively influenced auxin transport (Fig. 2H) , whereas Dex treatment of WT or DMSO treatment of the inducible lines had no effect on transport. Based on the aforementioned data and the phenotypic observations of WRKY23 transgenic plants, we propose that WRKY23 is part of a transcriptional network intimately associated with the local control of auxin transport required for the maintenance of auxin maxima in the root tip and during lateral root initiation.
Identification of Genes Regulated by WRKY23. On a transcriptional level, the transport of auxin can be regulated by the expression of the PIN transport regulators (6, 18) . Given the possible involvement of WRKY23 in the control of auxin transport, we evaluated the expression of the PIN efflux carriers in the WRKY23 transgenic lines, but found no explicit changes (Fig. S4 ). This suggests that WRKY23 might control the expression of other or upstream regulators of auxin transport. To gain insight into the WRKY23-controlled transcriptional cascade, we analyzed the transcriptome of Col-0 WT, WRKY23::WRKY23 RNAi , and RPS5A>>WRKY23 roots using Affymetrix ATH1 arrays. After statistical analysis, the significantly differentially regulated genes were clustered according to their transcriptional behavior. A group of 86 genes was up-regulated in RPS5A>>WRKY23 and down-regulated in WRKY23::WRKY23 RNAi , whereas 38 genes exhibited a converse transcriptional behavior. Retaining only those genes with more than 1.5-fold altered expression in RPS5A>>WRKY23, we reduced this list to a selection of 42 putative target genes (Table S1 ). Among these genes, only TRANSPARENT TESTA 7 (TT7) had been previously implicated in auxin transport regulation. TT7 encodes flavonoid 3′ hydroxylase, a flavonol biosynthetic enzyme that mediates the conversion of dihydrokaempferol to dihydroquercetin (Fig. S5) , thereby contributing to the synthesis of quercetin, an endogenous negative regulator of auxin transport (16) . Interestingly, TT7 was also found to be significantly up-regulated in a transcript profiling study of WRKY23-overexpressing poplar (Populus sp.) plants (34) , suggesting that WRKY23 regulates this branch of flavonoid metabolism in divergent lineages of higher plants. Moreover, flavonols (more precisely, quercetin derivatives) accumulate at infection sites of plant-parasitic nematodes (35) , where WRKY23 is highly expressed (20) , justifying further investigation of TT7 as a putative target of WRKY23.
For this investigation, we first analyzed the expression of TT7 and other flavonol biosynthetic genes in WRKY23::WRKY23
RNAi and WRKY23-overexpression lines. Although all four biosynthetic genes tested (TT4, TT5, TT6, and TT7) were up-regulated in WRKY23-overexpressing roots (35S::WRKY23), only a strong induction of TT7 was observed in Dex-treated 35S::WRKY23-GR seedlings (Fig.  3A) . Conversely, TT7 expression was significantly down-regulated in WRKY23::WRKY23
RNAi lines (Fig. 3A) . Next, to investigate the spatial aspect of this regulation, we compared the distribution of flavonols, visualized by the flavonoid-specific dye diphenylboric acid 2-aminoethyl ester (DPBA), with the expression pattern of WRKY23, detected by mRNA in situ hybridization and GUS/GFP transcriptional reporter lines. Interestingly, we detected both flavonol accumulation and WRKY23 expression in root tips, in lateral root primordia, in hydathodes, and at the hypocotyl-root transition zone (Fig. S6 A-J) . Moreover, in 35S::WRKY23 seedlings, ectopic flavonols accumulated throughout the entire root ( Fig. 3 B and C) , suggesting that WRKY23 can stimulate the biosynthesis of flavonols through transcriptional regulation of genes encoding pathway enzymes or, alternatively, of upstream factors that control pathway enzyme gene expression. To further examine the impact of WRKY23 misregulation on flavonoid production, we analyzed root extracts of WT, WRKY23::WRKY23 RNAi , and 35S::WRKY23 seedlings by liquid chromatography-mass spectrometry (LC-MS). 35S:: WRKY23 roots exhibited an enhanced accumulation of quercitrin (quercetin-3-O-rhamnoside) compared with WT ( Fig. 3 D and E) , whereas WRKY23::WRKY23 RNAi roots were characterized by a highly reduced level of quercetin-rhamnoside-glucoside and rhamnetin-Oneohesperidoside (Fig. 3 F and G) .
We conclude that WRKY23 is involved in the local production of flavonol derivatives in the root tip. In particular, our results argue for a role in regulating the conversion of kaempferol to quercetin by either directly or indirectly stimulating the transcription of TT7.
Auxin Regulates TT7 Expression Through a WRKY23 Transcriptional
Cascade. Previously, we demonstrated that WRKY23 expression can be induced by auxin in a SOLITARY ROOT/INDOLE-3-ACETIC ACID14 (SLR/IAA14)-dependent manner (20) . SLR/ IAA14 regulates auxin signaling by inhibiting the action of the ARF7 and ARF19 transcription factors (36) . Typically, upon auxin perception by TIR1, Aux/IAA proteins, such as SLR/IAA14, are degraded (37) . Accordingly, the auxin inducibility of WRKY23 expression was abolished in both arf7arf19 mutant seedlings as in the tir1 single mutant (Fig. 4A) . Given that WRKY23 stimulates the biosynthesis of flavonols, we wondered whether flavonols (in particular, quercetin) could be involved in the WRKY23-dependent feedback mechanism on auxin transport. Therefore we analyzed the effect of auxin on TT4 and TT7 transcript levels as well as on DPBA fluorescence. Both TT4 and TT7 were significantly up-regulated by auxin upon a 6-h α-naphthaleneacetic acid (NAA) treatment (Fig. 4B) . Moreover, compared with mock-treated seedlings, a much stronger DPBA fluorescence was observed in auxin-treated seedlings (Fig. 4 C and D) . Although DPBA fluorescence was present in the elongation zone of untreated seedlings while WRKY23::GUS was not (Fig. 4 C and E) , WRKY23 RNAi and a reduced acropetal transport in 35S::WRKY23-GR roots on Dex treatment compared with the WT and DMSO control, respectively. *P < 0.05; **P < 0.01, Student t test.
expression and DPBA staining perfectly coincided in this region after auxin treatment (Fig. 4 D and F) . In addition, the auxininduced increase in DPBA fluorescence observed in WT was lost in the arf7arf19 background (Fig. 4 G and H) , as well as in WRKY23::WRKY23
RNAi roots (Fig. 4 I and J) . This indicates that the WRKY23-mediated feedback mechanism through flavonol biosynthesis is part of a SLR-ARF7-ARF19 canonical auxinsignaling pathway.
As final confirmation of the regulation of flavonol biosynthesis by WRKY23, we investigated whether the change in flavonol accumu- lation could be causally connected to the observed WRKY23 developmental defects. We analyzed three independent tt7 insertion mutants and found a variation in root growth, similar to what was observed for the WRKY23 reduction-of-function lines. Although the majority of the seedlings exhibited a WT phenotype, ∼30% had reduced gravitropic root growth, a short root with a reduced number of lateral roots, and occasionally even stronger growth retardations ( Fig. S6 K and M) . To validate whether the effects of ectopic WRKY23 expression were due to an excess of flavonols, we crossed the 35S::WRKY23 line with the flavonol-deficient tt4-8 mutant. Intriguingly, the strong reduction in primary root growth and the early meristem differentiation, both characteristics of 35S:: WRKY23 roots, could be rescued by introducing the tt4-8 mutation into the 35S::WRKY23 background (Fig. 4 K-M and Fig. S6 N and  O) after verifying that these crosses contained the tt4 mutation and WRKY23 transgene. This finding demonstrates that overproduction of flavonol derivatives is causal to the early arrest of WRKY23-overexpressing root meristems, and thus that WRKY23 might act as a local regulator of flavonol biosynthesis. (20, 38) . However, WRKY23 also has appeared in several transcript profiling experiments studying plant developmental processes (21) (22) (23) (39) (40) (41) (42) . This occurrence is in agreement with the idea that WRKY transcription factors might be also involved in specific developmental programs (43) (44) (45) . Using a parallel reduction-ofexpression and overexpression approach, we have demonstrated that WRKY23 is of major importance for proper root growth and development.
The effect of misregulation of WRKY23 expression on root development, auxin response marker localization and intensity, and auxin transport indicates that WRKY23 negatively influences auxin transport and its dependent physiological processes. WRKY23 is expressed in root tips, and although its expression is strongly responsive to changes in auxin levels, its expression domain does not coincide exactly with the DR5 expression region, but also includes cells surrounding the auxin response maximum, such as the outer columella and lateral root cap cells. By regulating directional auxin transport in these cells, WRKY23 could contribute to the maintenance of the established auxin gradient and hence root meristematic activity. Accordingly, a reduced WRKY23 expression level was found to result in less-focused auxin responses as visualized by DR5, compromising the maintenance of the root stem cell niche organization upon germination. WRKY23 might thus be part of a feedback mechanism through which auxin can induce the focusing of its own distribution in the stem cells of the root apex. The hypothesis that WRKY23 acts in an extra fine-tuning system independent of the auxin gradient-organizing programs (46) is in line with the observations that WRKY23 does not affect expression of the PIN genes.
Transcriptional Cascade from Auxin to Flavonol Accumulation. The expression of WRKY23 is regulated by auxin in a SLR-ARF7/ ARF19-dependent manner (20) . Genetic, transcriptomic, and biochemical data suggest that WRKY23 affects auxin distribution by local control of the biosynthesis of flavonols. Previously, it was shown that the accumulation of flavonols is also elevated in response to auxin (16, 46) . We could show that auxin-induced flavonol production is ARF7/ARF19-dependent and put forward a transcriptional cascade in which flavonol production is controlled by auxin through the action of WRKY23. Consistent with this model, the auxin induction of flavonol synthesis is substantially reduced in the WRKY23::WRKY23
RNAi line. However,
given that TT7 expression could be induced only after a 12-h Dex treatment of 35S::WRKY23-GR seedlings, WRKY23 might affect TT7 rather indirectly. Although we observed induced expression of four flavonol biosynthetic genes in 35S::WRKY23, when considering the results for all of the WRKY23 misexpression lines, WRKY23 seems to most strongly regulate the synthesis of quercetin and its derivatives through changes in TT7 transcription. Quercetin-rhamnoside accumulates in WRKY23 overexpression roots, whereas WRKY23 reduction-ofexpression roots lack quercetin-rhamnoside-glucoside (Q-R-G). Interestingly, these compounds are among the most abundant flavonol derivatives in WT roots (47) , and in line with our results, Q-R-G is also strongly reduced in tt4 and tt7 mutant seedlings (47) . Moreover, it has been shown that the ratio of quercetin to kaempferol in the Arabidopsis thaliana root tip increases after auxin treatment (16) , and that quercetin is the most effective flavonol in competing with NPA for auxin transporter-binding sites (11) . A recent report comparing the phenotypes of tt4 (which produces no flavonols) and the tt7 mutant (which accumulates kaempferol but not quercetin) posited that quercetin is the active flavonol that regulates basipetal auxin transport (toward the shoot-root transition zone) and the auxindependent physiological processes of root elongation and gravitropism (16) . This suggests that the WRKY23-regulated production of quercetin derivatives through modulation of TT7 levels might be important for the control of auxin-mediated root growth and development. However, it remains to be investigated whether glycosylated flavonols can act as auxin transport inhibitors directly or whether the changes in flavonol derivatives reflect the available aglycone pool. In addition, because plants with a reduced WRKY23 function, generated either by RNAi or SRDX approaches, showed more severe phenotypes than the single flavonoid biosynthesis mutants, we anticipate that WRKY23 may affect other pathways as well.
As mentioned earlier, WRKY23 was originally identified in a promoter-trap experiment as a plant-parasitic nematode-inducible gene (20) . By means of gland secretions, plant-parasitic nematodes are able to modify gene expression in selected root cells of their host plant, ultimately establishing a nematode feeding site (for a review, see ref. 48) . During this process, several developmental programs of the host are hijacked, which has led to the hypothesis that WRKY23 might be part of a captured developmental program rather than a pathogen-induced response (20) . Interestingly, plant-parasitic nematodes are known to actively manipulate polar auxin transport (49) and flavonoids (more precisely, quercetin derivatives) accumulate at nematode infection sites (35) . Therefore, the WRKY23-quercetin regulation of auxin transport could be the original developmental mechanism that has been hijacked by plant pathogens during evolution.
Materials and Methods
Plant Material and Growth Conditions. A. thaliana (L.) Heynh. seeds were sterilized, germinated, and grown as described previously (20) . The mutants and transgenic lines used in this study are described in SI Materials and Methods.
Histological Analyses and Microscopy. GUS staining was done as described previously (20) . Whole-mount in situ hybridization was performed as described previously (50) using a full-length WRKY23 RNA probe. For visualization of starch granules, roots were incubated for 5-10 min in Lugol solution [4 g of potassium iodide and 2 g of iodine crystals in 200 mL of MilliQ H 2 O (Millipore)], washed with MilliQ H 2 O, cleared with chloral hydrate, and analyzed immediately under differential interference contrast microscopy. Confocal microscopy was performed using a Zeiss LSM 510 confocal microscope; roots were briefly incubated in propidium iodide (3 mg/L), and then washed with and subsequently mounted in MilliQ H 2 O.
Transient Expression Assays. Transient expression assays were performed as described previously (25) . Details are presented in SI Materials and Methods.
Auxin Transport Measurements. Eight-d-old seedlings were used for the transport assays. Acropetal auxin transport in the roots was measured as described previously (51) . For the Dex-inducible lines, 35S::WRKY23-GR seedlings were transferred on half-strength Murashige and Skoog medium supplemented with 10 μM Dex (Sigma-Aldrich) or an equal amount of solvent (DMSO) at 26 h before the start of the assay.
qRT-PCR and Microarray Analyses. RNA extraction and qRT-PCR were performed as described previously (52) . All qRT-PCR values represent three biological replicates, each containing three technical replicates. A detailed description of how the qRT-PCR data shown in Fig. S6 were generated is provided in SI Materials and Methods along with the sequence of the primers used to quantify gene expression levels (Table S2) . Details on the microarray setup and analysis are provided in SI Materials and Methods.
Flavonol Accumulation Analyses. Flavonol accumulation in seedlings was visualized as described previously (16) using DPBA. Either combined quercetin and kaempferol fluorescence (Fig. 3) or individual channels for quercetin and kaempferol (Fig. 4) were captured. Details of the LC-MS analyses are provided in SI Materials and Methods.
